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Abstract 

A review is given of recent developments on the implications of supergravity grand unification 
with SU(5)-type proton decay under the condition MH-^/mG < 10 (where Mh-j, is the Higgs 
triplet mass) and the naturalness condition that the universal scalar mass tjiq and the gluino 
mass are < 1 TeV. It is shown that the maximum achievable lifetime limits on proton lifetime at 
Super Kamiokande and ICARUS will exhaust the full parameter space of the model under the 
constraint m^r^ > 100 GeV. Thus the model predicts the observation of either a light chargino 
with mass ^ 100 GeV, or the observation of a uK~^ mode at Super Kamiokande and ICARUS 
within the above naturalness constraints. Analysis of the b ^ s'y branching ratio within this 
model is also discussed. It is shown that there is a significant region of the parameter space 
where the branching ratio predicted by the model lies within the current experimental bounds. 
It is pointed out that improved measurements of B{b 57) will significantly delineate the 
parameter space of the model and allow for a more stringent determination of their allowed 
ranges. 
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I. Introduction 



One of the important developments over the past three years has been the demonstration that 
the high precision LEP data [|I| , when extrapolated to high energy using renormalization group 
equations, leads to unification of the SU(3)c x SU(2)l x U(1) coupling constants 03, 0:2 and 
«! (where ai = |ay and ay is the hypercharge coupling constant) within the standard super- 
symmetric SU(5) theory [0]. Supergravity grand unification provides an attractive mechanism 
for the unification of the electroweak and the strong interactions as well as a framework where 
supersymmetry can be broken in a consistent fashion Thus the spontaneous breaking of 

supersymmetry in unified supergravity models leads to an enormous reduction ||^, in the 

number of arbitrary SUSY-breaking parameters that one encounters in globally supersymmetric 
theories p. 

We begin by reviewing briefly the ideas of supergravity grand unification. Our starting 
assumption is the existence of an = 1 supergravity unified theory below the Planck scale 
Mpi = 2.4 X 10^*^ GeV. This unified theory can be completely specified in terms of three 
functions. These are: (1) superpotential W{za), which is a holomorphic function of the chiral 
fields, (2) a Kahler potential K{za,z*), which depends both on the chiral fields and on their 
complex conjugates, and (3) a gauge kinetic energy function fajs, which also is a function of the 
fields and their complex conjugates. One obtains a gaugino mass from supergravity couplings, 
which is of the form 

\e^{G-')tGr f:p,X\' (1.1) 

where G = — \n[K^WW*] — k^K, and k = {Mpi)~^. We shall make the standard assumptions 
that appear in the formulation of superunified models. First we shall assume that supersym- 
metry is broken by a gauge singlet field in the hidden sector 0,0. Next, we shall assume that 
the Kahler potential is generation-blind at the GUT scale so that FCNC will be suppressed at 
low energies, and that the superpotential is restricted to renormalizable interactions (although 
an understanding of the full quark and lepton mass hierarchy may require inclusion of higher 
dimensioned operators). With the above assumptions, one can generate a low energy effective 
theory below the GUT scale, where the gauge group is SU(3)cX SU(2)lX U(1)y and the super- 
heavy sector is integrated out. The effective potential of this theory is given by Veff = Kss + Kss 
where V^^ is the supersymmetry-invariant part and Vsb is the symmetry-breaking part. In su- 
pergravity a very simple form emerges for Vsb'- 

Vsb = E <^^^t + {AoW^'^ + BoW^^^ + M^^IT^^)) , (1.2) 

i 

where W^"^^ is the quadratic, W^^^ is the cubic and W^^^ the quartic part of the effective 



superpotential below the GUT scale. After SUSY breaking, Eq. ( |1.1|) gives a gaugino mass 
term of the form mi A"A°, so that together with Eq. (|1.2|) one has a total of four soft SUSY- 
breaking parameters 

mo, mi, Aq, Bo . (1.3) 

A phenomenologically interesting GUT group in general could be an SU(5), SO(IO), E(6), 
etc. We shall assume that the specific model we are considering is or contains an SU(5). For the 
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spectrum, we shall assume three generations of quarks and leptons in 5+10 representations, and 
two plets of Higgs {Hi, H2) in (5,5) representations. At low energy, the effective superpotential 
will then have a quadratic term of the form ly(^) = 11QH1H2, where Hi, H2 now refer to the 
Higgs doublets in the respective multiplets. 

The outline of the rest of the paper is as follows: in Section 2, we discuss the analysis using 
radiative electroweak symmetry breaking under a number of constraints which are physically 
desirable. In Section 3, we discuss the question whether Super Kamiokande and ICARUS 
can test SUGRA GUTs. In Section 4, we discuss 6 — *• 57 decay in SU(5) SUGRA GUTs. 
Conclusions are given in Section 5. 



II. Analysis using radiative electroweak symmetry 

BREAKING 



As is well known an attractive feature of supergravity grand unification is that it can generate 
its own electroweak symmetry breaking via renormalization group effects [0. Under the as- 
sumption of charge and colour conservation, the potential that governs symmetry breaking in 
supergravity models is given by = Vo + AVi, where Vq is the renormalization group improved 
semi-classical tree potential 



VoiQ) 



= ml{t)\Hi\^ + ml{t)\H2\^ -ml{t){HiH2 + h.c] 
+ li9l + 9Y)i\Hi\'' -1^21 



and AVi gives the one-loop correction ||T0| — [|T^j 

1 



AVi 



647r2 



E(-i) 



Hi 



(2.1) 



(2.2) 



The analysis of electroweak symmetry breaking is carried out by what has now become a 
standard procedure. One evolves the renormalization group equations on gauge and Yukawa 
couplings and on soft SUSY-breaking terms. In addition to the charge and colour conservation, 
one imposes CDF and LEP lower bounds and naturalness upper limit of 1 TeV on tuq and 

Additionally, in supergravity GUTs one imposes the proton lifetime lower limits from 
Kamiokande/IMB experiments. The radiative breaking analysis |]TB[ determines the param- 
eter /io by fixing Mz, and the parameter Bq can be traded in favour of tan/3. Thus the theory 
may be described by the four parameters 



mo 



mi 
2 



An 



tan/? . 



:2.3) 



There are 32 supersymmetric particles in the theory, whose masses can be computed in terms 
of the four parameters of Eq. (|2.3|). Thus there are 28 predictions relating the SUSY masses in 



supergravity unification [|13 
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Some of the main results of the analysis described above are now discussed: 



1) Scaling laws [|T^ — |TB|: For a large part of the parameter space one finds /i ^ Mz, and 
scaling laws emerge. Specifically for the neutralino and chargino masses one finds the 
relation 

2mz^ ~ m^^ ^ rriz^ (2.4a) 
"^Z3 - ^z^ - - l/^l (2-4&) 

- l^aif' > 0)' ^Wi - l^aif^ < 0) • (2.4c) 

Similarly the four Higgs bosons, except the lightest Higgs (/i°), are seen to have essentially 
degenerate masses: 

mH+ — niijo ~ niA ■ (2-5) 



(2) Limits on the light Higgs and the top 1131, |Tj]: '^^^ analysis gives upper limits that are 

rriho < 110-120 GeV (2.6a) 
nit < 180-190 GeV . (2.66) 

(3) Other spectra: Radiative electroweak symmetry breaking and proton stability coonstrain 
other SUSY mass spectra as well. The proton stability constraint can be easily understood 
in a qualitative fashion in the limit when tuq is large. This limit gives, for the dressing 
loop function B [see Eq. ( p.2|) ], the result 

5 ~ -2 sin 2(3^ {rrig/mfj (2.7) 

and the approximate relation m? = rriQ + 0.65m?. Thus a small gluino mass, a large 
squark mass and a small tan/3 are favoured by proton stability. Typically this implies 
that the first two generations fo squarks will be essentially degenerate in mass and heavier 
than the gluino. Similarly, masses of the three generations of sleptons will be essentially 
degenerate and large, but lighter than the first two generations of squarks. Masses of 
the third generation of squarks is more complicated, because a heavy top mass can lead 
to a very small mass for the lighter of the two stop masses. In fact the condition that 
the stop masses not turn tachyonic acts as a constraint on the parameter space of the 
model. Proton stability constraints also give a lower limit on the mass of the A-Higgs 
boson, which is significantly larger than what is obtained from electroweak symmetry 
breaking alone. In this context we recall that there exists a hole in the parameter space 
of the MSSM which extends roughly from 100 to 200 GeV (with tan/? in the range 
5 ^ tan/3 ^ 20) which cannot be explored by LEP2 and LHC experiments ||2^. The 
constraints of radiative electroweak symmetry breaking with proton stability already give 
a lower bound on the A-Higgs mass that closes this gap. 
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III. Can the sugra gut be tested at super kamiokande 

AND ICARUS? 



There already exist stringent limits on the proton lifetime, and these limits are expected to im- 
prove significantly in the new generation of proton stability experiments, i.e. Super Kamiokande 
and ICARUS. One may ask if the expected increase in the sensitivity of these proton decay 
experiments will be able to test in a conclusive fashion at least a class of SUGRA GUT models. 
To quantify the discussion, we shall assume that the GUT group G we are dealing with is or 
contains an SU(5). We assume further that at the GUT scale, the GUT group G breaks into 
the Standard Model gauge group SU(3)c x SU(2)l x U(1)y- We also assume the existence of 
just two doublets of Higgs, which are embedded in 5+5 of SU(5). Finally, we assume that there 
are no discrete symmetries in the model which forbid proton decay. We shall focus here on the 
dominant decay mode of p — > vK^ . One can easily show that there is a model-independent 
amplitude for the above mode which goes via the exchange of the colour triplet Higgsino field 
i^a, and one may write the decay width as 

r(p Z7K+) = Const f \B\^ . (3.1) 

\mHj 



In Eq. (|3TT| ), the Const is a product of phase-space and chiral Lagrangian factors [^, I3p is the 



three-quark matrix element of the proton, whose value is known from lattice gauge theory, Mh^ 
is the Higgsino triplet mass and B is the dressing loop function defined in Refs. |]13|-[|l4|. Using 



the current experimental lower limit on this mode, which is t(p — > uK^) > 1.0 x 10^^ yr, 
one finds on using Eq. ( p.l| ) an upper limit of 

B < 100{MhJMg) GeV^^ , (3.2) 

where we expect Mh^/Mq ^10. In the future. Super Kamiokande and ICARUS are expected 
to reach lower limits of 



Super Kamiokande [H t{p vK^) > 2 x lO^^yr (3.3a) 
ICARUS PI t{j) vK+) > 5 X lO^^yr (3.36) 



In view of the increased sensitivity expected in these experiments, one may ask if Eq. (3.3) 
will exhaust the full parameter space of the SU(5)-type SUGRA GUT. A detailed analysis of 
this question shows |^| that Eq. (3.3) would not itself be able to exhaust the full parameter 



space of the SU(5)-type GUT. However, it was found that Super Kamiokande and ICARUS 
experiments, along with maximum achievable superparticle mass limits at LEP2 and at the 
Tevatron can exhaust the full parameter space pO] . Specifically one finds the following results 



[0: 



(a) If t{p — > uK^) > 1.5 X lO^^yr, then either rriho < 95 GeV or < 100 GeV. Thus either 
or Wi (and possibly both) will be observable at LEP2, provided LEP2 can reach its 
optimum energy and luminosity. 
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(b) Either the vK^ mode should be seen at the Super Kamiokande and ICARUS experiments, 
or the Wi should be seen at LEP2. 

The result of case (b) above is exhibited in Fig. 1, where the maximum value of r(p ^ vK) 
is given when m-^^ > 100 GeV, for the case /z > and rrit = 150 GeV. The maximum lifetime 
at a given mo is obtained by exhausting the allowed domain in the rest of the parameter space, 
i.e. rrig, At, tan f3. Figure 1 shows that with Mh^/Mg < 10, ICARUS will exhaust the entire 
parameter space of the SU(5)-type SUGRA GUT under the restriction that niy^ > 100 GeV. 
Thus the conclusion of (b) above follows. The above analysis shows that the SU(5)-type SUGRA 
GUT can be tested by using a combination of accelerator and non-accelerator experiments. 



IV. 6 ^ S7 DECAY IN SUGRA GUT 



Recently CLEO ||^ has obtained a new upper bound on the inclusive process b s'j with 
a value BR{b 57) < 5.4 x 10~^ [at 95% CL]. They also observe a non- vanishing result for 
the exclusive mode B — >■ K*'y with a branching ratio of 5 x 10~^. Assuming that the K*'y 
contributes ~ 15% to the inclusive process, as is indicated by lattice gauge calculations p2| , 
one obtains also a lower limit BR{b 57) > 1.5 x 10~^. The branching ratio measurements on 
b ^ s'j are expected to improve in the future, both with analysis of additional data at CLEO 
and from data that would emerge from 5-factories, where one expects luminosities that would 
be an order of magnitude larger than at current machines. The Standard Model result would 
then be put to a severe test, and any deviation from it would signal the onset of new physics 
beyond the SM. 

In the SM, b ^ s'y proceeds via a penguin, which involves exchange of a W boson and 
gives BR[b —>■ 57) ~ 3.5 x 10~^. This result is ambiguous up to few per cent since the 
BR is a sensitive function of the inputs such as quark masses and as, which currently have 
some inherent experimental errors. Additionally, the current analyses of the BR are done 
only to leading order QCD corrections, and there may be important beyond the leading-order 
corrections which have not yet been fully computed 



There are additional penguins in 
supergravity which contribute to this branching ratio. These involve the exchange of charged 

PBl . We summarize here results of a recent 

and 



Higgses, charginos, gluinos and neutralinos [[_ 

analysis of these contributions within the framework of electroweak symmetry 
SUGRA GUT constraints including the constraint of proton stability 
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In the SUGRA GUT analysis here we compute the contributions from W, charged Higgses 
and charginos and neglect small contributions from the neutralino and gluino exchanges. To 



leading order QCD corrections, one has , p4| , 



BR{b 57) 6a 




/ 14 16 ^ N 

^7723 - r] 32 Ag^ 


+ c 


1 2 


BR(b ceu) TT p ( riic' 




1 


- ^asinib) ( 


rUc' 







(4.1) 



where r] = as{rnz) / Q-sijnb), fi'i^c/T^b) = 0.241, C is an operator mixing coefficient and P is a 
phase space factor. For C we use the recent analysis of Ref. 
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For the case of the SUGRA SU(5) GUT one finds ||3^ that there is a significant region of the 
parameter space where the branching ratio BR[h — > 37) hes within the current experimental 
bound. 

Results for the case /i > and mj = 150 GeV are exhibited in Fig. 2. The vertical line at 
B = 1000 GeV~^ gives the current value of the Kamiokande experimental bound with itlhs/Mg 
= 10. The region to the right of this vertical line is thus forbidden by p-stability while the region 
to the left is allowed. We see that the branching ratio can be either larger and smaller than 
the SM value in the allowed domain, with significant deviations from the SM value occurring 
in both directions. The analysis of the fi < case, although quantitatively different, is similar 
to the /i > case. Again one finds here a significant region of the parameter space where the 
model gives a 6 — S7 branching ratio within the current experimental bounds. 

The 6 — i> 57 branching ratio is also a sensitive function of the hidden sector parameter 
At, and of tan/?. In SUGRA SU(5) GUT tan (3 is limited by p-stability in such a way that 
tan/? < 7 — 8. If the constraint of p-stability is eliminated, tan/3 becomes unrestricted and 
much larger variations in the 6 — >■ 57 branching ratio can be generated 



b-T unification: Recent analyses on b-r masses within SUSY SU(5)-type models point to 
rather stringent constraints on tan f3. Specifically it is found that the constraint of the equality 
of the b-T Yukawa couplings at the GUT scale implies that the top mass lies close to its fixed 



point value The analyses reveal two branches in tan/? for fixed m^. For the range of 

the top mass in the LEP favoured region of 130-170 GeV, tan/? is found to be either small 
(< 2) or very large (> 50). These constraints on tan (3 are rather severe, and it is reasonable to 
ask how rigid they are. Before a fixed conclusion can be drawn, it is necessary to carry out a 
re-evaluation of the inputs used in the analyses. These include the b and r masses, as, as well 
as specific assumptions made in the renormalization group analyses, such as the treatment of 
the low energy and GUT thresholds. Aside from the above there is the philosophical issue of 
whether it is reasonable to impose a strict b-r unification since s-fi and d-e unification are not 
nearly as good. This latter feature points to the possibility of higher- dimensional operators or 
Planck slop terms at the GUT scale. The existence of such operators appears reasonable in view 
of the fact that we are dealing with an effective theory, even at the GUT scale, and there may 
be quantum gravity corrections induced at this scale due to new physics at the Planck scale. 
Inclusion of such Planck slop terms via higher-dimensional operators indicates a loosening of 



the stringent constraints discussed above [42 



V. CONCLUSIONS 



Supergravity SU(5) GUT is a leading contender for the unification of electroweak and strong in- 
teractions. The model is presently consistent with all known experiment, and makes predictions 
that are accessible at current accelerator and non-accelerator experiments, and at machines that 
are expected to go on line in the near future. Specifically in this review, it was shown that 
although Super Kamiokande and ICARUS by themselves cannot exhaust the full parameter 
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space of SU(5)-typc supergravity GUTs, they can do so when combined with the maximum 
achievable superparticle mass hmits at LEP2 and the Tevatron. An analysis of the 6 ^ 57 
decay in the SU(5) supergravity GUT was also given. It is found that there is a significant 
region of the parameter space where the BR{b 57) predicted by the theory lies within the 
current experimental bounds. It is pointed out that improved experimental limits may be able 
to put more stringent constraints on the parameters of supergravity GUTs. 
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Fig. 1: Maximum value of r(p — > uK^) when > 100 GeV as a function of mo, for the case 
rrit = 150 GeV and > from Ref. 0]. The sohd, dashed and dot-dashed hues correspond to 



ttih^/Mg = 3, 6 and 10. The lowest horizontal line is the current experimental limit. For the two 
horizontal lines above, the lower and higher lines are the upper bound for Super Kamiokande 
and ICARUS, i.e. the experiments are sensitive to lifetimes below these lines. 
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Fig. 2: BR{b 57) in the SU(5) supergravity GUT for > and rrit = 150 GeV. 
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